Abstract. An atmospheric GCM coupled to a mixed-layer ocean model is used to study changes in rainfall due to the indirect effects of anthropogenic aerosols. The model includes treatments of both the first and second indirect effects. The most striking feature of the equilibrium rainfall response to the indirect effects of anthropogenic aerosols is a southward shift of the equatorial rainfall. We hypothesize that this is caused by a hemispheric asymmetry in the cooling of the sea surface. This is supported by another pair of experiments, in which the model is run with prescribed present-day SSTs. In one experiment the standard model is used, and in the other the SSTs in the Northern Hemisphere are increased by i K in the calculation of the surface fluxes, to mimic the effect of a return to pre-industrial conditions. Compared to the run with increased NH SST, the standard run shows a southward shift of equatorial rainfall, similar to that obtained as a response to anthropogenic aerosols.
Introduction
Sulfates and other aerosols act as cloud condensation nuclei (CCN), so anthropogenic aerosols are thought to increase the cloud-droplet number concentration Nd in liquidwater clouds. The impact of the first indirect aerosol effect, the increase in cloud optical depth that results from these anthropogenic increases in Nd [Twomey, 1977] , has been extensively studied using global climate models (GCMs). However, the second indirect effect, the suppression of rainfall due to anthropogenic increases in N• [Albrecht, 1989] , has been considered in relatively few such studies. Observational evidence for regional reductions in rainfall due to anthropogenic aerosols was presented more than 30 years ago by Warner [1968] their GCM to the indirect aerosol effect, but did not show the changes in rainfall. In this paper, we focus on the rainfall changes simulated by a GCM that includes a link between the distribution of aerosol and cloud-droplet concentration, which then affects the cloud-radiative properties and the initiation of rainfall.
Model and Experiments
We use a low-resolution (spectral R21 
where rcrit : 9.3 /•m is a prescribed critical cloud droplet radius, p• is the density of liquid water, and p is the air density. We use a modification of the autoconversion treatment [Rotstayn, 2000] Table 1 , together with some key global-mean quantities. The distribution of sulfate used to derive Nd for input to the autoconversion and[or radiation schemes was varied between one applicable to present-day (PD) conditions and one applicable to pre-industrial (PI) conditions. The sea-surface temperatures (SSTs) were obtained from a mixed-layer ocean model with prescribed heat transports. In each experiment, the model was initialized from a July I condition saved from a run forced by prescribed PD SSTs. It was run to equilibrium in each case, and then for another 10 years, for which period the model statistics were saved. The equilibration period was 16.5 years for the MLO_PD_ALL run, increasing to a maximum of 41.5 years for the MLO_PI_ALL run, which had the largest perturbation relative to PD conditions. These experiments allow the rainfall to respond to changes in circulation due to the radiative effects of changes in cloud properties and the resulting changes in SST. Figure 2b shows the difference in precipitation between the MLO_PD_ALL and MLO_PI_RAD runs, that is, the change resulting from the first indirect effect. In the tropics, the pattern is similar to that in Fig. 2a , confirming that the rainfall changes there are dynamically driven. In the more polluted regions of the NH, the reductions in precipitation are smaller than those in Fig. 2a , suggesting that the microphysical suppression of rainoea!! duo_ to the. second indirect effect may be significant there. Figure 2c shows the difference in precipitation between the MLO_PD_ALL and MLO_PI_ALL runs, that is, the result of the total aerosol effect. In this case the tropical pattern is similar, except that the magnitudes of the changes are larger than those due to the indirect effects alone. The rainfall response to the direct effect alone is similar in pattern, but relatively weak (not shown). Note that the rainfall changes due to the radiative-dynamical response of the model are much larger than any changes due to the purely microphysical suppression of stratiform rainfall by the second indirect effect. The details of the rainfall response we found should be viewed with caution. Important limitations are the empirical method used to parameterize Nd, the low resolution of our model, the use of a mixed-layer ocean model (which assumes that the oceanic heat transports remain fixed under climate change), the use of monthly mean sulfate distributions rather than a fully interactive sulfur cycle, and (in common with other GCMs) the need to use simplified representations of many key microphysical processes. Also in common with other GCMs, there is no link between aerosols and the properties of ice clouds, principally because this link is not yet well understood. However, in view of the strong response that we obtained in the Pacific, we believe it is important to further investigate the rainfall response using fully coupled models, together with more physically based treatments of cloud-droplet nucleation. The response to projected future changes in aerosols should also be investigated, as emissions are increasing rapidly in south-east Asia.
Details of the experiments are given in

